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ABSTRACT

The fatigue strength assessment of metallic components containing manufacturing defects is currently
analysed by applying fracture mechanics-based methodologies. This work begins by dealing with the recently
published paper entitled “Short crack propagation analysis and fatigue strength assessment of additively manu-
factured materials: an application to AISI 316L”, Int J Fatigue 151 (2021) 106396, by Bergant, Werner, Madia,
Yawny and Zerbst, where IBESS approach and Chapetti’s short crack growth threshold models were imple-
mented for assessing the fatigue strength of laser powder bed fusion processed AISI 316L stainless steels. The
application of the Chapetti’s model is carried out here in the way its author thinks it should be made, and results
show clear differences when comparing with the results of the referenced paper. Analyses of the sources of
discrepancy are also carried out. Some discussions associated with other recent applications of the available
fracture mechanics models and hypotheses, or their combinations, are added in order to optimize future analysis
when using them for short crack growth threshold estimations. Later, several analyses are made by making gen-
eral observations associated with the prediction models, their hypotheses, their combinations and their relation-
ship to the Kitagawa-Takahashi diagram. Finally, it is shown that when applying the fracture mechanics models
special attention is necessary when comparing intrinsic strengths of the analysed material and that of materi-
al-defect combinations, particularly when the defects used in the analysis are artificial and/or are relatively large
comparing with the microstructural dimension.

Keywords: Fracture Mechanics; Microstructural Fatigue Threshold; Short cracks; Fatigue Strength Estimation;
Small Defect Assessment.

1. INTRODUCTION

High cycle fatigue life and fatigue endurance prediction approaches for components containing defects have
received increasingly more attention, especially those that are based on fracture mechanics theories [1-10].
The lifetime and fatigue strength of engineering alloys are significantly influenced by the presence of material
defects and their influences can be estimated using fracture mechanics approaches.

In a recent publications Bergant and co-workers [1] have applied the Chapetti’s and the IBESS fracture
mechanics-based models and approaches to analyse the fatigue behaviour of additively manufactured (AM)
316L stainless steel and the influence of small and large material defects on its fatigue endurance. The evaluation
is based on two experimental data sets provided by Solberg et al. [11] and Andreau et al. [12]. The experimental
data and the material properties required as input data for applying and validating the models and approaches
were obtained from three literature references dealing with laser powder bed fusion processed AISI 316L stain-
less steels [11-13]. In the present work the same data are analysed by applying the Chapetti’s model to estimate
the short crack growth threshold curve in the way the author believe that it should be applied according to
available data. Results are analysed and compared with the results of the referenced paper and possible sources
of discrepancy are discussed.
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Later, several analyses are made by making general observations associated with the prediction models,
their hypotheses, their combinations and their relationship to the Kitagawa and Takahashi (K-T) diagram. Dis-
crepancies observed and discussed in this work show the importance of having measured data for the analysed
material and the errors that can be made when using measured values from others, especially in materials pro-
duced with additive manufacturing in which the properties depend on many parameters for the same powder.
Finally, it is shown that when applying the fracture mechanics models special attention is necessary when
comparing intrinsic strengths of the analysed material and that of material-defect combinations, particularly
when the defects used in the analysis are artificial and/or are relatively large comparing with the microstructural
dimension (e.g. grain size).

2. MATERIAL AND EXPERIMENTS DATA

The analysis was (by Bergant et al. [1]) and is (in the present work) done on the experimental fatigue data
reported by Solberg et al. [11] and Andreau et al. [12]. In both studies, AM 316L stainless steel in the as-built
condition produced by the Laser Powder Bed Fusion (L-PBF) technique was investigated. The experimental
data taken for the analyses can be found in reference [1], [11] and [12].

Solberg et al. [11] determined the material’s Ac-N curve and tests were performed under load control
with a loading ratio R = 0.1 (runouts: 2 x 10° cycles without fracture). Cylindrical specimens with a diameter
of 4.5 mm and as-built surface roughness were tested. For each test leading to failure, the location of the killer
defect and its initial area was reported. Solberg’s study showed that fatigue failures at higher loading levels (and
smaller fatigue lives) were related to very large internal defects (in the range of sizes between 0,56 and 0,78 mm,
see references [1,11]), while for lower loading levels (and longer fatigue lives), the crack nucleated at surface
defects (in the range of sizes between 0,06 and 0,14 mm, see references [1,11]).

Andreau et al. [12] analysed as-built L-PBF AM 316L specimens. Fatigue tests were performed under load
control with a loading ratio R = 0.1 (runouts: 10° cycles without fracture). Machined and polished fatigue cylindri-
cal specimens with a 3.5 mm diameter were used. Almost all the defects that nucleated the cracks that led to the
fracture were located at the surface (defect sizes in the range between 0,034 and 0,087 mm, see references [1,12]).

In both cases, a long crack propagation threshold AK . of 4.3 MPa m'? and an average grain size of 0.03
mm were used by Bergant et al. and they will also be used in the estimations that will be reported in sections 6.1
and 6.2. The fatigue endurance, Ac ,, used by Bergant was 254 MPa for the analysis of Solberg data and 315
MPa for the Andreau’s data. Details of their estimations can be found in reference [1].

3. THE CYCLIC R-CURVE FOR SHORT CRACK GROWTH

It has been accepted that the fatigue limit (or endurance) is not a critical stress for crack initiation but the one below
which an initiated micro-crack cannot propagate. In other words, the plain fatigue limit, Ac_, is in fact a threshold
stress for micro-crack growth. This concept was clearly illustrated by Miller in reference [14] (see Figure 1).
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Figure 1: Kitagawa-Takahashi diagram showing the threshold for fatigue crack growth (cyclic resistance curve) in terms of
stress range, after Ref [14].
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Once the crack nucleates, it will grow up to the first grain boundary, or up to the strongest microestruc-
tural barrier and it is its arrest which defines the plain fatigue limit, A , (see Figurel). This is a material-based
limit (depending on the microstructural characteristic dimension, d ) as Miller has pointed out [14]. Further early
evidence can be found also along the deep analysis of Tanaka [15]. In previous works carried out by Chapetti
and co-workers [16,17], the position and the effective resistance of microstructural barriers and their relation to
the plain fatigue limit were analysed and modelled, and additional evidences that the strongest microstructural
barrier defines the fatigue limit of plain and blunt-notched specimens in steels were obtained.

Figure 2 shows the cyclic resistance-curve concept in terms of the stress intensity factor range, where the
total applied AK is compared with the threshold curve AK , which is equivalent to that shown in Figure 1 in terms
of stress range, Ac,, . In order for the crack to grow between these two limits (for instance, a, and a,), the applied
AK has to exceed the AK, threshold for every crack length (Figure 2a). The fatigue endurance of the configura-
tion will be given by the applied nominal stress for which AK equals AK at any crack length in the integration
interval (Figure 2b). In the last case, when stress gradient is presented, as in notched components, the maximum

non-propagating crack length can be determined.

The schema shown in Figure 2(a) is used for fatigue life estimations in section 6.1. while the one shown
in Figure 2(b) is used for the fatigue endurance estimations and defect assessment in section 6.2.

3.1. The IBESS approach

This approach is summarized in a special issue of the journal Engineering Fracture Mechanics [18] and in a text-
book [19]. The IBESS approach (Integral method for fracture mechanics determination of the fatigue strength
of weldments) is also based on the cyclic R-curve analysis and measures or estimates the threshold for crack
growth AK  as a function of the crack length by using the crack closure development concept [15,20-23], as
follows:

AI<th = AKth,eﬁ‘ +AKth,op (1)
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Figure 2: (a) Resistance curve concept. (b) Fatigue endurance of the configuration.
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Once the cyclic R-curve (AK, vs a) is measured or estimated, the fatigue crack propagation rate is deter-
mined by the following equation accounting for the crack closure and crack propagation threshold [1,18,19]:

P
j—]‘\’[ = C[UAK, 1" [1 —%} @)

P

Where C, m and p are material constants, AK is the plasticity-corrected applied AK, and U= AK | /AK

is the crack closure factor of the short crack with AK ; being the effective, i.e., crack closure corrected stress
intensity factor range. The definition of U at the short crack stage is based on the correspondence with the cyclic
R-curve [1,18,19]:

1-Uy _ AK, —AK, .
I_ULC AKthR _AKth,g/_‘f

The terms AK, and AK, , describe the short and long crack propagation thresholds and U and U, . are
the short and long crack closure factor, respectively. The crack closure effect is then assumed to be absent for the
initial crack and it is gradually built up until it approaches the crack size independent value U, . for long cracks.

The highest-level analysis option within IBESS relies on the use of experimentally determined cyclic resis-
tance curves (AK, vs a) for the specific material and R-ratio. However, when this option is not available, a simple
estimation method for its determination is proposed based on a modified El Haddad model, as follows [1,18,19]:

AK, =AK

th thR

“)

The El Haddad model is modified by adding the correction parameter a* chosen to fulfil the condition
AK, = AK, ; for the strongest microstructural barrier associated to the endurance limit (Ac ). a* is estimated

as follows [1,18,19]:

a* —a (AKth,eﬁ /AKthR)2 5)
’ 1_(AKth,gﬁ‘ /AKthR)z

Where a, is the intrinsic crack parameter proposed by El Haddad et al. to estimate the threshold curve

(see Figure 3) [24]:
1(AK,, \
ay=—| =2 ()
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In this work the IBESS s approach is not analysed and the details for its application can be found in refer-
ence [1] where Bergant ef al. made their analysis, or in references [ 18] and [19] where the model was introduced.
However, the assumptions and hypotheses applied in the IBESS’s proposal to estimate the threshold curve by
using a modified El Haddad model (schematized in Figure 2), are analysed in Section 7.

The scheme in Figure 3 indicates that AK, . is associated with the fatigue limit through a, ., and that
this parameter defines the strongest microstructural barrier. a, . is not constant for a given material but depends
on the load ratio R, as a consequence of that AK . is constant but Ac_, decreases with increasing R. This is a
fundamental hypothesis of the crack closure- based models that has not been adequately demonstrated yet.

3.2. The Chapetti’'s model

An important hypothesis of the Chapetti’s model is that the minimum intrinsic value of AK for crack propa-
gation, associated with the fatigue limit (or endurance), can be estimated from the same fatigue limit and the
average microstructural size d (e.g. grain size), as follows [25]:

AK ,, =YAo \rd )
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Figure 3: Crack closure model proposal for R-Curve estimation for short cracks. Ac, -a [18,19].

where Y is the loading and geometric configuration correction factor. As in most cases microstructural short
cracks nucleated at smooth surfaces are considered semi-circular [15,16,25,26], Y is taken conservatively as
0.65. This hypothesis derives from the concept that the fatigue limit is given by the ability of the strongest
microstructural barrier (e.g. grain boundary) to arrest a micro-crack.

The AK , parameter, a microstructural threshold, represents the minimum driving force that can be apply
to propagate a crack of size d. From this value, the threshold develops until reaching the maximum value defined
by the long crack threshold, AK , .. Figure 4 shows this concept in terms of the stress range (Kitagawa-Takahashi
diagram).

The Chapetti’s model proposes that, in addition to AK ,, the cracks growth threshold is also composed
by an “extrinsic” component, a function of crack length and equal to AK —AK .. Once this component has fully
developed, it reaches a maximum value (for long cracks), equal to AK . ~AK .. Modelling the development of
AK,—AK . which is a function of crack length with an exponential function, the following expression was pro-
posed by Chapetti to estimate the threshold for short crack growth [25]:

AK, =YAc, Nma=AK,, +(AK,, —AK )[1—e ] (8)

where a is the crack length and £ is a material constant given by the following expression [25]:
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Figure 4: Chapetti model for R-Curve estimation for short cracks. Ac-a.
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Egs. (8) and (9) are fully defined once Ac_,, AK . and d are known, all being parameters that can be eas-
ily obtained from common standardized fatigue tests and metallographic analysis. Further details of this model
can be found in references [25] and [27].

Here it is important to mention that Bergant et al. indicate that in the Chapetti’s model the resistance
curve AK vs a is obtained by “fitting” the parameter k. The Eq. (9) is deduced from hypotheses associated with
the proposed model and only the factor 4 comes from a fitting procedure on several sets of threshold data for
short cracks made when it was proposed [25]. But when applying the model, the Egs. (8) and (9) do not require
any fitting procedure and provide pure estimation of the threshold curve.

Eq. (8) is also being used by different authors to estimate the resistance curve in models that consider as
hypotheses that the minimum crack propagation threshold AK  associated with the fatigue limit is given by the
effective propagation threshold AK,, ., with good results in analysis where the intrinsic length a ; associated
with the fatigue limit has dimensions similar to the microstructural size d [1,5,6,26,28-30]. Something else will
be said on this topic in section 7.

4. CRACK DRIVING FORCE

The driving force was calculated with the same procedure used by Bergman et al. [1], in order to analyse only
the differences due to the procedures and hypotheses used to estimate the threshold resistance curve (AK, vs @)
and the fatigue lives. So the Murakami’s area concept was applied for the estimation of the elastic crack driving
forces AK of internal and surface defects [31-32]. The following expression for the total applied crack driving
force AK was used [31-32]:

AK =Y Ao+~ area (10)

with Y= 0.5 for internal defects and 0.65 for surface defects, Ac is the applied stress range and area'? is the
Murakami parameter proposed to correlate different types of defects, namely notches, indentations, cracks, and
inclusions with the stress intensity factor range AK. In terms of an equivalent circular (internal) or semicircular
(surface) crack length a, the following expression can be used [33,34]:

AK =YAo~ra (11)

with ¥ = 0,665 for internal defects and 0,728 for surface defects, respectively. Eq. (11) is used here for result
reports (AK as a function of crack length, a).

In the IBESS approach, AK has still to be corrected to include plasticity effects, correction that was made
according to BS 7910 recommendation [35] in the analysed paper (Bergant et al. [1]). The applied driving force is
given by the applied elastic AK in Chapetti model and by the plasticity-corrected AK, in IBESS model (see Eq. 2).
The difference in the way of estimating the driving force leads to the assumption that AK (@) > AK(a) since the
plasticity effects will always increase the crack driving force, and that crack propagation will be then faster in the
IBESS’s approach (considering similar R-curves), leading to more conservative fatigue life assessments. However,
as it was pointed out in reference [1] it should be noted that the threshold R-curves are defined differently in both
approaches and that the effective crack driving force for crack propagation in Chapetti’s and the IBESS models fol-
lows different expressions. These differences will be analysed in the following sections, together with the descrip-
tion of the application procedure of the Chapetti’s model carried out in the present work.

5. FATIGUE CRACK PROPAGATION RATE ESTIMATION

Bergant et al. indicated that the Chapetti’s approach uses the expression proposed by Klesnil and Lukas to esti-
mate the crack propagation rate, da/dN, as a function of the driving force AK and the crack threshold AK , both
as a function of the crack length a [36]:

da « .
— =C*(AK™ —=AK.." 12
dN ( 0 (12

Were C* and m* are the constants dependent on the material, the environment and the load-ratio R. How-
ever, nowadays this author prefers the following formula for crack propagation rate [37]:

da
—=C(AK -AK )" 13
dN ( th) ( )
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The preference of the expression (13) over (12) is due to the fact that it predicts higher propagation
rates when used to analyse short cracks (see reference [27] for details). So, expression (13) is used in this work
for estimations. However, more complex expressions can be used, and there are no limitations to use the one
deemed appropriate.

Egs. (12) and (13) contemplate the concept of the resistance curve, and include the short crack regime if
AK accounts for the threshold development (AK,, vs a). C = 6,25x10"'” mm/cycle and m = 3,94 were reported
in [1] for Eq. (12), and they were estimated here as C = 1,15x107" mm/cycle and m = 2,2 for Eq. (13).

The integration of Eq. (13) is performed between the initial crack length, a, given by the defect size or
by the microstructural size d (end of the initiation stage), and a final crack length, a, that would be related to
the configuration that defines the end of the mechanical life of the component (failure, fracture, etc). In order for
the crack to grow between these two limits, the applied AK has to exceed the AK  threshold at any crack length.
Figure 5(a) shows schematically the R-curve concept for this configuration.
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Figura 5: Cyclic R-curve concept and fatigue life configuration for estimations. (a) Present analysis, used also by Bergant [1].
(b) Alternative configuration used by Bergant when applying the Chapetti’s model [1]. (¢) IBESS criteria applied by Bergant [1].
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Figure 6: Scanning electron microscopy (SEM) of fracture surfaces. a) fracture from a surface defect. b) whole fracture
surface of specimen failing from internal defect, c) transition from striations to ductile failure. The arrows are indicating the
direction of crack propagation (taken from Solberg et al. [11]).

Figs. 5 (b) and (c) reproduce two other criteria analysed by Bergant et al. Figure 5(b) corresponds to
another version of the Chapetti’s approach for the starting point of the cyclic R-curve at the abscissa (a, + d).
To consider this variant Bergant et al. refer to publications where the Chapetti’s approach is used to analyse
relatively blunt notches. The present author think that it does not correspond to this case and that to apply the
configurations of Figure 5(b) it is necessary to consider the relative value of the extension of the short crack
regime with respect to the size of the notch (or defect). This topic will be analysed by the present author in a
future publication. In this work, only the configuration of Figure 5(a) will be applied. It is necessary to comment
here that if the configuration indicated in Figure 5 (b) is used to apply the Chapetti’s model in the present case,
the fatigue life estimations should give lower values (and therefore should be more conservative) than those
estimated by the configuration of Figure 5(a), and the difference would depend of the initial defect size.

Besides, Bergant et al. used the configuration shown in Figure 5(c) to applied the IBESS’s approach, so
that the defect dimension is equal to the initial crack length for the crack growth resistance curve. That is to say,
AK, is equal to AK,  fora=a..

Furthermore, it is necessary to consider the photographs of the fracture surface reported by Solberg et al.
[11] that allow an analysis of the propagation rate data (values of C and m) and the upper limit for the integration
of the expressions of da/dN used by Bergant et al. [1] (K = 16.7 MPa m'?).

Figure 6 reproduces some fractographs published by Solberg et al. for a fracture initiated from surface
and internal defects [11]. Figure 6(c) corresponds to a fracture surface initiated by an internal defect that shows
striations associated to the last part of the fatigue crack growth stage, with spacings between 1 micro-meters
and 2.5 micro-meters corresponding to crack growth rates between 103 and 2.5x10° mm/cycle. From the
crack propagation rates properties reported and used for the estimations by Bergant et al. those growth rates
correspond to applied AK of more than 40 MPa m"?, more than twice the maximum K value considered by
those authors for the estimations. In addition, the photographs in Figure 6(a) and (b) show that the defects do
not propagate more than 1-1.2 mm before fracturing the samples. Therefore, for the estimations in the present
work, a maximum final crack length of 1.2 mm is additionally considered as another limit of integration of the
Eq. (13), and a growth rate of an order of magnitude greater than those reported and used by Bergant et al. is
here used (C = 1,15x10-* mm/cycle).

X

6. RESULTS AND DISCUSSIONS

6.1. Estimation of S-N curves for fracture from material defects

Figure 7 shows all experimental data published by Solberg et al. [11] (full black round symbols for fracture from
superficial defects, and black hollow rounds symbols for fracture from internal defects), the estimations obtained
by Bergant et al. [1] applying the IBESS’s approach and the Chapetti’s model (red triangular symbols), and the
estimations carried out in the present work (blue and green symbols and lines). Only the estimations obtained
by Bergant et al. applying the Chapetti’'s model and the configuration illustrated in Figure 5(a) is reported
here for the analysis (hollow red triangle symbols). Here it is important to note that for this configuration the
estimations in all cases overestimated the experimental results. The estimations made by Bergant et al. for the
configuration shown in Figure 5(b) is not analysed here because this author considers that they should yield
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Figure 7: Ac-N data and curves for AM 316L. Experimental data from Solberg et al. [11] and predictions reported by Ber-
gant et al. [1] and carried out on the present work.

clearly conservative results, particularly for fractures generated from defects up to 0.55mm. More details on the
experimental data reported by Solberg and used by Bergant can be found in references [11] and [1], respectively.

An important issue to highlight is that the fatigue endurance (Ac ), reported in the work by Bergant for
the estimations, is 254 MPa. This value is much higher than the fatigue endurance associated with the experi-
mental data published by Solberg, which is around 160—165 MPa. In Figure 7 the solid black square symbols
indicate the fatigue endurances estimated in the present work for Ac , = 254 MPa and different initial cracks
lengths: a, = d (0,03mm), 0,06, 0,1, 0,15 and 0,25 mm. The estimated fatigue endurance of about 160 MPa
requires an initial defect size equal to @, = 0,25 mm, much larger than the sizes of defect observed by Solberg in
specimens tested at levels close to the fatigue endurance (0,06 mm). Besides, in the case of fracture from sur-
face defects, the maximum defect size observed by Solberg was 0,14 mm. It is obvious that the results obtained
by Bergant et al. when applying the Chapetti’s model would overestimate the experimental results, as can be
observed in Figure 7 (hollow red triangle symbols).

Here it is necessary to make some remarks. Bergant et al. estimated the plain fatigue limit of the mate-
rial tested by Solberg [11] from the tensile strength (437 MPa), applying the IBESS’s suggestion for the cor-
relation between the fatigue limit and the ultimate tensile strength for conventional austenitic stainless steels,
Ac , (R=-1)=0,8 o, and doing the R correction to the one corresponding to the load ratio R = 0,1 through the
Goodman's equation, getting Ac_, = 254 MPa. This procedure contrasts, in terms of reliability, with the detailed
analysis carried out to quantify the total force applied to the defect, AK,, which means that the resistance curve
AK ,-a estimation contains comparatively much higher uncertainties. The defect size associated to the observed
fatigue endurance of about 162 MPa was 0,06 mm (see Figure 7), twice the grain size d that is equal to 0,03 mm.
This shows that the intrinsic fatigue endurance Ac , of the material without defects would not be so different
(and it should be equal to or smaller, not greater), so the value of 254 MPa appears to be an overestimation. From
all the actual reported experiences with additive manufacturing materials, it is clear that all the variables neces-
sary to make the analysed estimations must be measured appropriately for the material under study. Otherwise,
the estimations will be somewhat unreliable.

Therefore, and taking into account the previous analysis, for the estimations made in the present work a
fatigue limit of 160 MPa is used, assuming that it would represent the endurance of the material without defects
or defects with sizes up to a value similar to the grain size d (0.03 mm). Figure 7 shows estimations for the
defect sizes reported by Solberg et al. for different tests with their respective levels of applied nominal stresses
(symbols), and for certain flaw sizes and for the entire stress range (S-N curves, lines). It can be observed that
acceptable and conservative results were obtained for all estimations, that are in much better agreement with the
data corresponding to fractures from surface defects and at stress levels close to the fatigue endurance, region in
which linear-elastic fracture mechanical models have greater applicability.

Estimated Ac-N curves for fracture initiated at internal defects with equivalent a, = 0,06 (= 2d), 0,55 and
0,8 mm are shown in Figure 7, and are also acceptable, although very conservative. This may be a consequence
of the simplifying hypotheses regarding defects (of large size, especially regarding the integration interval in
terms of crack lengths), and of the assumed crack propagation rate constants. The estimations are almost an
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order of magnitude smaller that the fatigue lives experimentally observed, but beyond the aforementioned sim-
plifications that make the estimates very conservative for this case (but safe), they clearly show that the proce-
dure can account for the influence of the initial crack length given by the defect size (a statistical analysis can be
added if necessary). The analysis shows that estimation procedures must be applied ensuring that each parameter
involved is conservatively measured or estimated in order to avoid dangerous overestimations. The estimations
obtained in the present work are in agreement with those concepts and clearly contradict the overestimations
(unsafe) obtained by Bergant et al. using the same model for the threshold curve (Chapetti).

6.2. Fatigue endurance estimation and defect assessment

Figure 8 shows a K-T diagram with the experimental results published by Andreau et al. [12], the estimations
published by Bergant et al. (with both the IBESS’s approach and the Chapetti’s model, blue and green lines,
respectively), and the estimations carried out in the present work by using the Chapetti’s model to estimate
the threshold curve Ao, vs a (red lines). For this analysis the following data were used [1]: fatigue endurance
of the material Ac_, = 315 MPa, long crack propagation threshold AK . =4.3 MPa m'?, and an average grain
size d = 0.03 mm.

Figure 8 shows several differences on the estimations. Bergant obtained stress range threshold values
associated to the experimental results somehow greater than the fatigue endurance of the material. This would
be the case if the estimations were associated with a given crack propagation rate greater than that correspond-
ing to the fatigue endurance (near cero, or very low). In fact, in reference [1] it is reported that the propagation
threshold estimated with the IBESS method would be given by the continuous blue curve shown in Figure 8. The
dashed lines would then be indicating a given propagation rate of cracks of similar sizes to the defects found by
Andreau in the tested and fractured specimens. However, Chapetti proposed his model to estimate the threshold
curve for the analysed material, that is, Ac, (or AK ) as a function of the crack length a, above which a crack
could propagate, regardless of the propagation rate that the crack has. Obviously, for nominal stresses that make
the applied Ac greater than the Ac, the cracks would propagate at rates given by Eq. (13) or any other that is
being used for the estimation. Therefore, to compare the performance of the threshold curve prediction mod-
els, the continuous red and blue curves should be compared, estimated by the models proposed by IBESS and
Chapetti, respectively. Doing so, it can be observed that the Chapetti model can explain all fracture data except
one. The red dashed line was added in order to show the influence of the parameter Y in the estimation of the
threshold curve, changing Y = 0,65 used by Chapetti for ¥ = 0,728 used by Bergant. Besides, it is clear that in
terms of the threshold stress range both models predict very different curves, with very different associated short
crack ranges. In the case of the prediction of the Chapetti model, the threshold is fully developed for crack length
on the order of 0,5 mm, while for the Bergant estimation using IBESS the threshold has barely been developed
for a crack length of 1 mm.

These differences are again observed in the results recently published by Pourheidar et al., who mea-
sured and analysed the cyclic R-curve for a EA4T steel [38]. They also presented different testing procedures
employed in the experimental determination of the cyclic R-Curve, especially focusing on the comparation with
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Figure 8: K-T diagram, threshold stress range as a function of crack length. Experimental data by Andreau et al. [12], esti-
mations carried out by Bergant et al. [1], and present estimations.
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Figure 9: Thresholds (experimental measured [38], and estimated with Eq. (8)) for EA4T steel.

long fatigue crack propagation thresholds obtained by means of the compression pre-cracking load reduction
procedure. Figure 9 presents the propagation threshold measured experimentally in [38] for R =—1, as a function
of the crack length and in terms of the range of the stress intensity factor (black symbols and black line). The
green line corresponds to the propagation threshold estimated with expression (8) (Chapetti’s model), and would
be similar to that estimated by the El Haddad model [24], or the Murakami model [31].

It can be seen that in the case of predictions the AK  threshold develops completely in the first millimetre
of crack propagation, while for the experimentally measured threshold it is still developing for depths of 3 mm.
Analysing the differences, we can infer that a component with a 1 mm deep crack would have an associated
fatigue limit of 143 MPa for the experimentally measured threshold, while for the estimated one it would be
222 MPa, 55% higher. Figure 9 also shows the applied AK for the case of a crack propagating from a superficial
semi-elliptical notch 5 mm deep and 2 mm wide (red line), with a nominal stress range Ac_ = 65 MPa (estimated
from [39]). The crack could propagate and eventually be arrested at a depth of about 2 mm, but the thresholds
estimated with the available predictive models do not allow predicting a possible crack propagation. It is very
clear that these differences raise many questions that must be answered. There will thus be the need to generate
important experimental evidence in order to clarify the sources of discrepancies.

The next section completes the analysis by making general observations associated with the threshold
prediction models, their hypotheses, their combinations and their relationship to the K-T diagram.

7. KITAGAWA-TAKAHASHI DIAGRAM. THRESHOLD CURVE PREDICTION MODELS AND
HYPOTHESES.

An important issue to note is that the intrinsic fatigue limit, Ac ,, used in the models (or at least in the models
of Chapetti, El Haddad and those that use the concept of crack closure), should be the one that agrees with
the hypothesis that the fatigue limit is given by the strength of the strongest microstructural barrier. This con-
cept, explained very clearly by Miller in references [14] (see Figure 1), defines a minimum microstructural
threshold for the propagation of cracks initiated by fatigue in polished specimens or components. Figure 4
shows the K-T diagram with the threshold defined by Chapetti with this hypothesis included. In this model,
this minimum value is equal to AK  given by Eq. (7). This has a consequence, that the fatigue endurance to
be used must represent the resistance to crack initiation of the material without defects greater than d, a value
that defines the average distance to the strongest microstructural barrier from the surface of the material. This
hypothesis is included also in the modified El Haddad model used by Bergant et al. to estimate the cyclic
R-curve (Eq. 4, see Figure3). As in the case of the models that use the concept of crack closure, the Eq. (1)
uses the hypothesis that the microstructural threshold associated with the fatigue limit of the material is given
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by the effective threshold of long cracks. In this case, the position of the strongest barrier is given by the

parameter a ., defined as (see Figure 3):

1 AKth,e/f
ty g =—| —=L (14)
’ n\ YAo,

The value of a ;is not constant and depends on the load ratio R. As R increases, and taking into account
that AK,, ; does not depend on R in a first approximation, the fatigue limit decreases and therefore q, . increases.
This has not been demonstrated experimentally and the experience of this author with the analysis of non-prop-
agating cracks associated with the plain fatigue limit is that the tendency is to decrease or disappear, not to
increase, as R increases. For this hypothesis to be validated, detailed experimental work is necessary. In addition,
this work must be carried out analysing naturally initiated cracks, not using artificial defects, because the fatigue
limit is given by the weakest microstructural configurations in microstructural entities favourably oriented to
induce surface strain concentrations. Figure 10 reproduces the illustration proposed by Adbel-Raouf, Topper and
Plumtree to explain the inherent surface strain concentration [40,41].

Abdel-Raouf et al. explained that the material at a free surface will deform more easily than in the interior
which is surrounded and supported by other grains (the constrain increases with depth). Besides, and because the
free surface of polycrystalline alloys represents a section through a large number of randomly oriented grains
whose operating slip system will have different orientations with respect to the loading axis, a redistribution
strain process takes place. They argued that the strain in each surface layer is accommodated by the lack of
restraint and this local strain is proportional to the corresponding orientation. Favourably orientated grains expe-
rience the largest amount of surface deformation and the greatest amount of localized slip occurs, representing a
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Figure 10: Surface strain redistribution. After Abdel-Raouf et al [40,41].
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preferred site for crack initiation. The correspondingly large local strain decreases with depth, approaching the
nominal strain range. This decay is due to the increasing constraint and strain compatibility requirements. They
also argued that if the rate of decay is controlled by the grain size d, then the larger the grain, the deeper the local
resolved shear strain (larger deformation) and also less surface area per unit volume of contact between this
favourably oriented grain and its neighbouring grains (hence less constraint). This surface effect, added to the
transition associated with the change in crack propagation mode (Mode II to Mode I), makes the extrapolation of
the effective threshold for long cracks, AK . inadequate, since it cannot contemplate or quantify the previously
described effects. An illustration proposed by Abdel-Raouf et al. to explain this matter is also reproduced in
Figure 9. For the case of small cracks, of sizes that do not exceed 4 or 5 microstructural entities, the propagation
threshold cannot be estimated by quantifying only the crack closure effect.

Those phenomena were considered by Chapetti when proposing his model. The minimum threshold
AK . .(see expression 7) is deﬁneq by the experimentally measured plain fatigue limit, Ac_,, which implicitly
quantifies all the phenomena mentioned above.

Throughout his work, Bergant et al. carried out two analyses on this topic that to a certain extent contra-
dict each other or are not fully compatible. At first, they argued that “the size of the microstructurally short crack
associated with the fatigue limit usually is not just one but a number of grain sizes. A rough number for this is
three [31], but this varies depending on the material”, referencing Murakami and his experimental work on the
influence of defects. They indicated that the reason is the mechanism of crack arrest at grain boundaries, which
is associated with an increased energy needed to overcome the barrier when the neighbouring grains significantly
differ in crystal orientation. Here it is clear that they mean that the strongest microstructural barrier is not the first
grain boundary, but, for example, the third. Studies carried out by the author of the present work [16,17,42] indi-
cate that the resistance of the second grain boundary, or the third, and so on, discreetly define the resistance curve
of the material as a function of the crack length, which in terms of AK shows a resistance increasing, but in terms
of stresses it shows a resistance decreasing. In this way, in the K-T diagram, the strongest barrier that is finally
associated with the fatigue limit in the first one. It is possible that other barriers may appear located at smaller
distances (given for example by second phases), but in general the position of the strongest barrier associated
with the fatigue limit is given by the average size of some of the microstructural entities. Bergant et al. seems to
agree with these concepts a few paragraphs later, when describing the K-T diagram. Taking into account that the
highest-level analysis option within IBESS relies on the use of experimentally determined cyclic R-curves (AK
vs a), all hypothesis of the different alternative options should be clarified and demonstrated.

Besides, Bergant et al. analysed the configurations reported by Solberg and Adreau by applying the
Cyclic R-curve (AK, vs @) with the criteria illustrated in Figure 5(c). If that criteria is used the minimum thresh-
old for crack growth is given by AK, . for the initial crack length that it is given by the size of the defect that
nucleated the crack that produces the fatigue fracture. The differences in results obtained by applying criteria of
Figure 5 (a) and (c) will increase as the defect size increases. This is a strong assumption that should be clearly
demonstrated, because its validity depends strongly on the defect size, nature, and shape. The author think that
the crack closure effect starts to develop when the cracks nucleated from the defects, but the development rate
will depend of the defect size, that it is say, it will depend of the total equivalent initial crack length involve in
the configuration (defect plus crack). Once the nucleated crack start to growth, the stress field at the crack tip is

defined by the full configuration (nominal applied stress and the total crack length).

Finally, it is important to discuss here some issues involved in the application of the fracture mechanics
models to estimate the threshold curve when the criteria illustrate by Figure 5(a) is used. Most of the recently
published works that analyse the influence of inherent defects on the fatigue endurance (for instance in additive
manufactured alloys), estimate the thresholds curve by using the models of El Haddad [24], Chapetti [25], those
based on the crack closure development (mainly that proposed by McEvily et al. [21-23]), or other modifica-
tions or combinations of those. In most applications they were used and/or mixed with a certain degree of care
(and in many cases very little) of the fundamental bases of their proposals.

Because the crack closure models need non-trivial experimental tasks El Haddad and Chapetti’s models
are sometimes preferred for estimations [1-10,28-30,43,44], because they need only to measure AK . and Ac
(plus d for the last case). If it is necessary to deal with the minimum AK for fatigue crack propagation, the
Chapetti’s model is preferred which allows estimating it with the parameter AK ..

Different applications of the Chapetti’s model can be found in the literature and many of them mistakenly
confused the parameter (AK —AK ) with the crack closure component (AK —AK ), and therefore with the
model proposed by McEvily, so that Eq. (8) becomes (see for instance references [28], [29] or [30]):

AK,, =AK

ey T (AK ;. — AKth,e]j’)[l —e M ] (15)
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Even with the recent clarification made in reference [27], more researchers continue making erroneous
analysis and applications of the model (see for instance [3] and [30]). The other important difference between
the models is that the parameter & used to describe the development of the threshold AK  should be obtained
by fitting experimental data of short crack thresholds for the closure models. Instead, in the Chapetti model k&
is estimated with AK ., Ac ., d and Eq. (9). Besides, Eq. (9) can be applied for any alloy and makes the model
a real estimation tool. After this clearly wrong assumption, the parameter k& given by Eq. (9) is in most cases
used to estimate the development of the crack closure component (AK, —AK ), by replacing AK , by AK
as follows:

th,eff?

AK
k= theff (16)
4d (AKthR - th.eff)

When the defects size below which it become non-detrimental for fatigue strength is estimated by using
Eq (15), the effective threshold for long crack AK, . is commonly used, together with the plain fatigue limit
(intrinsic crack length Ay o expression 14, see Figure 3). In some cases it is even expressly stated that the min-
imum threshold for crack propagation cannot be less than that given by the AK,, ;. There is a lot of evidence in
the literature that shows values of AK | associated with the fatigue limit lower than AK, .

Modifications of existing prediction models are sometimes proposed that neglect the assumptions used
by the models being modified, without considering the consequences on the estimations and their certainty. In a
recent publication, Leonetti e al. [30] added a modification to the Eq. (9) to calculate the parameter & applying
the Murakami model and other assumptions. Finally, they make comparisons of the estimations of the IBESS
approach (modified El Haddad, Eq. 4), Chapetti’s model (Eq. 8), FITNET proposal [45] and its new proposal
[30], in which they clearly take the experimental data from reference [25] and make AR = AK (last one esti-
mated by using Eq. 7). Obviously in this case AK - will not be constant for a given material but will depend on

the load ratio R, contradicting the basic concept of the effective threshold for crack growth (independent of R).

It is clear from the analyses that care must be taken with the combinations of models, hypotheses, and
physical meaning of the variables used, and that additional work is needed to clarify several related issues. Fur-
ther analysis on these topics can be found in reference [46].

Finally, it is necessary to point out that it is necessary to analyse the configuration illustrated in Figure 5(b)
used by Bergant et al. to analyse the Solberg [11] and Andreau [12] data, and by Chapetti to analyse notched con-
figurations [47—49] (relatively blunt). This topic requires a more detailed analysis because it involves transitions
related with the size of the notch, and even with respect to the microstructural size. This topic becomes important
for defects considered as notches (in the case of volumetric defects), and will be dealt with in a future publication.

8. CONCLUDING REMARKS

Fracture mechanics-based models allow estimating the behaviour of short cracks and make possible the esti-
mations of fatigue lives and fatigue limits (or endurance) of components with small cracks or crack-like defects
generated during manufacturing. For these cases, the elimination or significant reduction of the crack initiation
stage allows analysing its resistance to fatigue by quantifying only the crack propagation stage. In this way it is
possible to use fracture mechanics models to estimated Ac-N curves (fatigue lives) for design and optimization
stages of mechanical components.

Discrepancies observed and discussed in this work show the importance of having measured data for the
analysed material and the errors that can be made when using measured values for others, especially in materials
produced with additive manufacturing in which the properties depend on many parameters for the same powder.

Particularly, the estimations reported here and the comparative analyses with respect to the ones reported
by Bergant et al. show that it is possible to obtain large discrepancies in the results if the hypotheses, limitations,
and appropriate conservative procedures are not clearly defined for choosing and/or deriving the data or models
to be used.

The analyses made also showed that there are still several issues that should be clarified, mainly related
with the hypotheses of the fracture mechanics available models, their combinations and their limitations that
should be clearly demonstrated, as well as the consequence of their combinations. Besides, it is common to see
contradictions between the hypotheses of the models and those added when applying them. For instance, the
estimation of the minimum threshold for crack growth associated to the plain fatigue limit will always have an
associated characteristic crack length, which has to be related to the microstructural configuration that defines it.
All assumed hypotheses or simplifications should consider this concept.
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Finally, this author thinks that when applying the fracture mechanics models special attention is nec-

essary when comparing intrinsic strengths of the analysed material and that of material-defect combinations,
particularly when the defects used in the analysis are artificial and/or are relatively large comparing with the
microstructural dimension.
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